Control of microtubule dynamics underlies several fundamental processes such as cell polarity, cell division, and cell motility. To gain insights into the mechanisms that control microtubule dynamics during cell motility, we investigated the interactome of the microtubule plus-end-binding protein end-binding 1 (EB1). Via molecular mapping and cross-linking mass spectrometry we identified and characterized a large complex associating a specific isoform of myomegalin termed "SMYLE" (for short myomegalin-like EB1 binding protein), the PKA scaffolding protein AKAP9, and the pericentrosomal protein CDK5RAP2. SMYLE was associated through an evolutionarily conserved N-terminal domain with AKAP9, which in turn was anchored at the centrosome via CDK5RAP2. SMYLE connected the pericentrosomal complex to the microtubule-nucleating complex (γ-TuRC) via Galectin-3-binding protein. SMYLE associated with nascent centrosomal microtubules to promote microtubule assembly and acetylation. Disruption of SMYLE interaction with EB1 or AKAP9 prevented microtubule nucleation and their stabilization at the leading edge of migrating cells. In addition, SMYLE depletion led to defective astral microtubules and abnormal orientation of the mitotic spindle and triggered G1 cell-cycle arrest, which might be due to defective centrosome integrity. As a consequence, SMYLE loss of function had a profound impact on tumor cell motility and proliferation, suggesting that SMYLE might be an important player in tumor progression.
microtubules | centrosome | mitotic spindle | cell motility T he regulation of the microtubule (MT) network is central to many fundamental biological processes, including cell polarization, cell motility, and mitosis. MTs are polarized tubulin polymers that assemble from MT organizing centers (MTOCs) at centrosomal and noncentrosomal sites and grow radially until reaching stabilizing structures. Because MT nucleation is a kinetically unfavorable process, in cells it often occurs from templates such as the γ-tubulin ring complex (γ-TuRC), a multiprotein complex in which proteins of the γ-tubulin complex organize γ-tubulin into a ring (1) . Nucleation is regulated by factors that attach the γ-TuRCs to the MTOCs (2) . Dimers of α-β tubulin are then processively assembled into MTs through a highly dynamic process, with MTs constantly alternating between phases of growth and shortening while exploring the cytoplasmic space (3) . MT stability is regulated by MT-associated proteins that bind to the MT lattice; stable MTs often carry posttranslational modifications, such as detyrosination and acetylation (4) . Recent studies indicate that tubulin acetylation contributes to regulating microtubule architecture and mechanics (5) (6) (7) . MT dynamics are controlled by MT plus-end tracking proteins (+TIPs), a family of unrelated proteins, including EB1/2/3, CLASP1/2, CLIP170, the tumor suppressor APC, and the spectraplakin ACF7, that form comet-shaped structures at MT distal ends (8) . End-binding 1 (EB1) is considered a major binding hub for CAP-Gly domain or SxIP motif-containing +TIPs forming a complex proteininteraction network that was proposed to regulate MT dynamics and interactions with peripheral stabilizing structures (9) . While investigating the mechanism through which the ErbB2 receptor tyrosine kinase controls breast tumor cell motility, we characterized a signaling pathway whereby the ErbB2 effector Memo controls the relocalization to the plasma membrane of a protein complex comprising APC and ACF7 that captures and stabilizes MT plus-ends at the cell periphery (10) (11) (12) , thereby regulating directed cell motility (13, 14) . To further characterize the mechanisms underlying MT capture, we aimed to define the MT plusend-associated protein network by characterizing the EB1 interactome. We identified an EB1-interacting isoform of myomegalin that assembled a macromolecular complex at the centrosome and defined its function in microtubule assembly, directed cell motility, and orientation of cell division.
Results
The EB1-Associated Network Includes MTOC-Associated Proteins.
Upon addition of heregulin β (HRG), SKBr3 cells extend wide, flat protrusions populated by MTs that extend from the centrosomal area to the cell periphery. For further insights into MT plus-end complexes involved in MT extension and maintenance within cell protrusions, we investigated the EB1 proteininteraction network via affinity purification mass spectrometry.
Significance
Microtubule dynamics is tightly regulated during fundamental biological processes such as mitosis, thereby representing a major target for anticancer therapies. To better understand the molecular mechanisms underlying the organization of the microtubule network, we systematically investigated proteins interacting with EB1, a major regulator of microtubules dynamics. We identified a specific isoform of myomegalin, which we termed "SMYLE," that assembles a macromolecular complex associated with the centrosome, the major microtubule-organizing center in cells, and also connected to the microtubule nucleating complex. SMYLE promoted microtubule assembly from the centrosome and subsequent stabilization of microtubules at the cell periphery. This had consequences on cell motility, mitosis, and cell-cycle progression, suggesting that SMYLE might be an important player in tumor progression.
SKBr3 cells stably expressing moderate amounts of EB1-GFP displayed typical EB1 tip tracking (Fig. S1 A-C) . GFP-trap pulldown from EB1-GFP cell lysates followed by label-free mass spectrometry analysis revealed a group of proteins that robustly associated with EB1 ( Fig. 1A and Dataset S1). Of note, HRG treatment did not significantly modify the EB1 interactome (Dataset S1). Many proteins contained the typical SxIP motifs known to contribute to EB1 binding, suggesting that they are direct EB1 interactors. We identified EB3, known to dimerize with EB1, and several known MT plus-end-binding proteins, such as KIF2C/MCAK, dystonin, and NAV1. Unexpectedly, among the best interactors we identified a set of proteins previously known to be associated with MTOCs, in particular the cAMP-dependent PKA scaffold AKAP9 (also called "AKAP350" or "AKAP450"), regulatory and catalytic subunits of PKA, the pericentrosomal matrix protein CDK5RAP2, and a specific isoform of PDE4DIP/ myomegalin. Sequence analysis of the peptides identified by tandem mass spectrometry (Fig. S1D) revealed that the 1,116-aa-long myomegalin-like protein identified here (UniProt accession no. E9PL24) is clearly distinct from the originally identified 2,346-aa myomegalin (UniProt accession no. Q5VU43; Human Genome Organization Gene Nomenclature Committee: phosphodiesterase 4D-interacting protein, PDE4DIP) (15) . It has a specific 373-aa N-terminal sequence lacking the CM1 motif, aligns with PDE4DIP from residues 374-1,102, lacks the phosphodiesterase 4D-binding region, and has a unique 14-aa C-terminal sequence (Fig. 1B and  Fig. S1D) . The protein, which we termed "SMYLE" (for short myomegalin-like EB1-binding protein) to prevent confusion with the original long isoform, differs from the previously described Golgi-associated EB-MMG at its C terminus (16) but is identical to the Golgi-associated protein (MMG8) identified by Wang et al. (17) . Extensive analysis of SMYLE sequences across distant species through homologous sequence alignments, secondary structure prediction, and computation of conservation scores revealed the presence of a well-conserved structured domain that we called the "SMYLE homology (SmyH) domain" in the N-terminal region (residues 1-101) (Fig. S2) . The less conserved region of the SMYLE-specific N terminus was intrinsically disordered (Fig. 1B) and contained a short SxIP-like motif (residues 304-314), that was systematically associated with the SmyH domain.
We generated cell lines stably expressing moderate levels of GFP-CDK5RAP2 or GFP-SMYLE and analyzed associated proteins by mass spectrometry (Fig. S1 B and C) . CDK5RAP2 pulled down AKAP9, SMYLE, and a regulatory subunit of PKA ( Fig.  S1E and Dataset S1). SMYLE robustly bound to a limited number of proteins including AKAP9, PKA regulatory and catalytic subunits, EB1, and CDK5RAP2 ( Fig. 1C and Dataset S1).
Interaction of EB1 with its partners was confirmed by Western blotting analysis of the EB1-GFP pulldown (Fig. 1D ) and also by immunoprecipitation of endogenous EB1 in both SKBr3 and HEK293F cells (Fig. 1E) . Pulldown of GFP-CDK5RAP2 and GFP-SMYLE and Western blotting confirmed the existence of the reciprocal interactions (Fig. 1D) . Since we could not express GFP-AKAP9 in SKBr3 cells, we performed immunoprecipitation of endogenous AKAP9, which confirmed the interaction with the identified partners of the SMYLE complex (Fig. 1E ). Together these data show that the plus-end tracking protein EB1 is part of a megadalton protein complex including the large scaffolding proteins AKAP9 and CDK5RAP2 usually found in association with MTOCs and SMYLE, an isoform of PDE4DIP with specific structural features.
A Centrosome-Associated SMYLE Complex. To perform further molecular and functional studies of the complex, we designed and validated siRNAs to knock down each of the candidate partners (Fig. S3A) . SMYLE is the major isoform of myomegalin in the cell lines used in this study (Fig. S3B ). We designed an siRNA (SMYLE siRNA no. 2) that targets a sequence unique to SMYLE and is not present in the originally described PDE4DIP or in EB1-MMG. Of note, lipid-mediated siRNA targeting of SMYLE RNA led to the down-regulation of both SMYLE and AKAP9, and, reciprocally, targeting AKAP9 inhibited SMYLE expression (Fig.  S3A ), as documented previously (17) .
These siRNAs allowed us to further explore the organization of the SMYLE complex. Both SMYLE and CDK5RAP2 possess a potential SxIP EB1-binding motif. To understand which proteins interact with EB1 directly and for insight into the hierarchical organization of the complex, we knocked down SMYLE, AKAP9, or CDK5RAP2 before EB1 pulldown. We observed that depleting SMYLE or AKAP9 prevented EB1 binding to CDK5RAP2, while depletion of CDK5RAP2 did not disturb EB1 association with SMYLE, AKAP9, and PKA, indicating that SMYLE/AKAP9 mediates the binding of EB1 to CDK5RAP2 ( Fig. 2A) .
We then investigated the hierarchical organization of the complex within the cell. Previous studies have observed CDK5RAP2 and AKAP9 at the Golgi apparatus (18, 19) . However, we found that in SKBr3 cells endogenous CDK5RAP2, AKAP9, and PKA colocalized with γ-tubulin at the centrosomes in 98, 65, and 17% of the cells, respectively (Fig. 2B ). CDK5RAP2 also colocalized with AKAP9 at the centrosome in HEK293F cells (Fig. S4A) . We observed occasional AKAP9 colocalization with the Golgi marker GM130 in SKBr3 cells. However, in contrast to centrosomeassociated AKAP9 labeling, Golgi-associated staining was never decreased upon AKAP9 siRNA and thus had to be considered nonspecific (Fig. S4B ). Thus, AKAP9 and CDK5RAP2 were associated with the centrosomal area, but not with the Golgi apparatus, in SKBr3 and HEK293F cells. Importantly, CDK5RAP2 knockdown ( Fig. S3C ) abolished the centrosomal localization of AKAP9 and PKA, whereas AKAP9 depletion ( Fig. S3B ) had no effect on CDK5RAP2 localization ( Fig. 2B and Fig. S5 ). As expected, PKA recruitment to the centrosomes was dependent on AKAP9 and thus on CDK5RAP2 ( Fig. 2B and Fig. S5 ).
We have produced a monoclonal antibody directed against the C-terminal peptide specific for the SMYLE isoform, and validated the antibody for Western blotting and immunofluorescence ( SMYLE labeling at the centrosome (Fig. 3A) . Exploration of previously published proteomic data (20) indicates the presence of PDE4DIP isoforms in centrosome-enriched fractions, suggesting that endogenous SMYLE might be present below immunofluorescence detection levels. We investigated ectopically expressed SMYLE. GFP-SMYLE did not localize at the Golgi apparatus ( Fig.  S4C ) but associated with EB1 comets at MT ends (Fig. 3B) . Interestingly, mutation of the SMYLE SxIP-like motif to SRAA prevented GFP-SMYLE plus-end binding and revealed GFP-SMYLE's association with the centrosomal area (Fig. 3B) . To confirm that endogenous SMYLE interacted with EB1 in the cellular context (and not only after cell lysis), we produced and selected SKBr3 clones stably expressing EB1 fused to the promiscuous biotin ligase BirA (R118G mutant) (Fig. S7A ) (21) . The addition of biotin to the cultured cells triggered the biotinylation of EB1 neighbor proteins before cell disruption. Mass spectrometry analysis of the isolated biotinylated proteins identified SMYLE, together with known partners of EB1, as a genuine partner of EB1 (Fig. S7B) . We assumed that we might facilitate the detection of endogenous SMYLE in the centrosomal area by disturbing the dense MT network. Thus, we induced MT depolymerization via nocodazole and cold treatment. Immunofluorescence analysis using the specific anti-SMYLE antibody revealed that, after nocodazole washout, SMYLE was associated with newly nucleated MTs at the centrosome ( Fig. 3C and Fig. S6C ).
Architecture of the SMYLE Complex. We explored the interaction of SMYLE with its partners through a biochemical approach (Fig. 4A) . The SMYLE region residues 1-376, unique to this isoform, was able to recruit all partners of SMYLE: AKAP9, PKA, CDK5RAP2, and EB1. The SRLP-to-SRAA mutation prevented the interaction of SMYLE with EB1, as expected, but preserved AKAP9 and CDK5RAP2 binding. The very N-terminal region of SMYLE (residues 1-150), which included the conserved SmyH domain, was required and sufficient for AKAP9 and CDK5RAP2 binding.
Furthermore, the C-terminal fragment of AKAP9, residues 2815-3907, was required and sufficient to recruit CDK5RAP2, SMYLE, and EB1 (Fig. 4B) . CDK5RAP2 bound mostly with the 2815-3025 region, while SMYLE (and EB1, via SMYLE) interacted more specifically with the 3530-3907 sequence that includes the PACT domain.
We gained further insights into the organization of the complex via cross-linking of proximal lysine residues and mass spectrometry analysis (22) . We first purified the native SMYLE complex via Strep-Flag tandem-affinity purification (Fig. S7C) . Upon the addition of the short-range cross-linker disuccinimidyl suberate (DSS), SMYLE was completely retained within two major highmolecular-weight complexes that could be distinguished on SDS/ PAGE (Fig. 5A) . Mass spectrometry analysis indicated that the high-mobility complex (complex 2) included essentially SMYLE associated with EB1 and EB3, whereas the low-mobility complex (complex 1) also included AKAP9, PKA regulatory and catalytic subunits, and, to a lesser extent, CDK5RAP2 (Dataset S2). Initial mass spectrometry-based identification of cross-linked peptides revealed only SMYLE-SMYLE dipeptides (Dataset S2). Crosslinking of distant Lys residues suggested possible folding of the molecule, in particular across the intrinsically disordered region that includes the EB1-binding site (Fig. S7D) . We also identified unambiguous intermolecular self-links within the SMYLE C-terminal region indicative of SMYLE oligomerization (Fig. S7D) . To detect intermolecular cross-links, we scaled up the experiment 10-fold. Dipeptide search with pLINK detected around 80 potential crosslinks between complex components (Fig. S7E and Dataset S2). Manual curation of cross-linked peptides confirmed a small set of cross-links ( Fig. S7F and Dataset S2) and underscored an unexpected proximity between SMYLE and a PKA catalytic subunit. Together, molecular mapping and cross-linking mass spectrometry provided complementary insights into the convoluted organization of the SMYLE complex (Fig. 5B) .
Interaction of SMYLE with both AKAP9 and EB1 Is Required for MT Extension to the Cell Periphery. We then evaluated the impact of SMYLE silencing on the MT network. We used nucleofectionmediated instead of lipid-mediated SMYLE siRNA transfection, since we observed that it had a more limited impact on AKAP9, allowing us to distinguish the effects directly due to SMYLE (Fig.  6A) . Using the siRNA that targets myomegalin short isoforms EB-MMG and SMYLE (siRNA no. 1) or uniquely SMYLE (siRNA no. 2), we found that SMYLE depletion (Fig. S3D ) led to defective peripheral MTs (Fig. 6 A and B) in live GFP-α-tubulin-expressing SKBr3 cells. The knockdown of AKAP9 or CDK5RAP2 (Fig. S3D) led to the same defect in cortical MT distribution at the cell periphery (Fig. 6B) .
Reexpression of wild-type SMYLE in SMYLE knockdown cells restored MTs at the cell periphery, confirming that the effect was due to SMYLE loss of function ( Fig. 6C and Fig. S3E ). In contrast, EB1 binding-defective SMYLE (SMYLE SRAA ) or AKAP9 bindingdefective SMYLE (SMYLE 150-1116 ) failed to restore peripheral MTs (Fig. 6C and Fig. S3E ), demonstrating that SMYLE functions only in the presence of the intact complex. Of note, the N-terminal fragment (residues 1-376) bound EB1, AKAP9, PKA, and CDK5RAP2 (Fig.  4A ) but was unable to restore normal MTs (Fig. 6C) , showing that SMYLE function also involves the coiled-coil regions.
A similar functional analysis showed that the AKAP9 2815-3907 C-terminal region, which efficiently bound CDK5RAP2, SMYLE, and EB1 but not PKA (Fig. 4B) , was not functional (Fig. S3F) , suggesting that other AKAP9 regions that include the PKA-binding motifs are also required for function. Pharmacological inhibition of PKA activity led to defective cortical MTs (Fig. 6D) . Similarly, disrupting AKAP anchoring of PKAr2 via the SuperAKAP-IS competitive peptide (23) led to microtubule defects, showing that AKAP-associated PKA activity is required for stabilization of cortical MTs (Fig. 8A) .
SMYLE Promotes MT Nucleation and Is Connected to the γ-TuRC via
LGALS3BP. In other cellular models, myomegalin-like proteins associate with the Golgi apparatus where they contribute to the regulation of MT nucleation (17, 24) . Our cellular model provided the opportunity to explore the potential contribution of the SMYLE complex to MT assembly from the centrosome. We induced the depolymerization of MTs in SKBr3 cells by nocodazole and cold treatment and followed the early steps of MT regrowth from the centrosome after nocodazole washout. We observed that, in the absence of SMYLE, MT aster formation was significantly slowed (Fig. 7 A and B) , indicating that SMYLE contributes to MT nucleation. Reexpression of SMYLE restored nucleation, but SMYLE SRAA and SMYLE 150-1116 did not (Fig.  7B) , indicating that nucleation-promoting activity required both EB1 and AKAP9 binding. Previous studies investigating Golgiassociated myomegalin suggested that it interacted with γ-tubulin and γ-tubulin-associated proteins. SMYLE interactome in SKBr3 or HEK293F cells did not reveal an interaction with γ-tubulin. However, proteomic analysis (Fig. 1C and Fig. S1E) showed that SMYLE and CDK5RAP2 bound LGALS3BP, a protein that was associated with the centrosome (25) . We thus evaluated whether LGALS3BP might mediate the interaction of the SMYLE complex with the γ-TuRC and found that SMYLE (and to a lesser extend CDK5RAP2) interacted with a 65-kDa form of LGALS3BP (Fig.  7C) , corresponding to the nonglycosylated protein (26) . This interaction required both the SMYLE N-terminal and coiledcoiled regions. In turn, LGALS3BP coprecipitated γ-TuRC proteins, most robustly GCP3 but also GCP2, GCP6, and γ-tubulin (Fig. 7D ), indicating that LGALS3BP is a connecting point between the centrosome-associated SMYLE complex and the γ-TuRC MT-nucleating complex.
As our data showed that the SMYLE complex regulated centrosomal MT nucleation on the one hand and peripheral MT distribution on the other hand, we wondered whether the two events might be related. Targeting the MT nucleation complex with siRNA (against γ-tubulin or GCP3) or with the γ-tubulin inhibitor gatastatin (27), we observed that both molecular and pharmacological inhibition of γ-TuRC activity prevented the extension of MTs within SKBr3 cell protrusions (Fig. 7E and Fig. S3I ), in accordance with a model connecting early steps of MT assembly with the formation of peripheral MTs. Interestingly, similar results were obtained upon silencing LGALS3BP (Fig. 7E and Fig. S3I ), supporting its tight connection to the γ-TuRC function.
It is not yet clear how SMYLE might affect MT properties, leading to defective peripheral MTs. However, we have observed that newly assembled MTs were heavily acetylated and, importantly, that SMYLE silencing led to a drastic reduction in MT acetylation from the earliest time point observed, as indicated by semiquantitative Western blotting (Fig. 7F and Fig. S8A ) and immunofluorescence (Fig. S8B) . As recent studies indicate that acetylation modifies MT structure, enhancing mechanical resilience (7), the reduced acetylation associated with SMYLE silencing might also contribute to the defect in peripheral MTs.
SMYLE Silencing Disturbs Cancer Cell Migration, Mitosis, and Cell-Cycle
Progression. We have repeatedly observed that a normal distribution of peripheral MTs is required for directed migration (13, 14, 28) . We thus evaluated the contribution of SMYLE and SMYLE-associated proteins to HRG-induced directed cell migration and observed that depletion of SMYLE, AKAP9, or CDK5RAP2 led to a strong inhibition of SKBr3 cell motility (Fig. 6E) .
Centrosome-nucleated MTs are critically involved in cell mitosis. Thus, we investigated whether SMYLE also contributed to cell division. SMYLE knockdown in HeLa cells led to a drastic reduction in the number of mitotic figures but increased mitotic abnormalities, including imperfect chromosome alignments (Fig. 8A) . Interestingly, upon SMYLE silencing, we observed a significant reduction of astral MTs (Fig. 8B) . HeLa cells cultured on collagen or fibronectin orient their mitotic spindle parallel to the substrate before dividing, a phenomenon which is under the control of astral MTs (29) . Accordingly, in control cells, 60% of HeLa cells had a horizontal bipolar spindle, and 33% showed a tilted bipolar spindle (the remainder of the cells had multipolar spindles). SMYLE knockdown strikingly increased the number of misoriented spindles (Fig. 8A) .
We evaluated the consequences of SMYLE knockdown (Fig.  S3G) on HeLa cell-cycle progression (Fig. 8C) . Upon SMYLE silencing, there was a rapid and persistent accumulation of HeLa cells in the G1 phase of the cycle, with a concomitant reduction in both S and G2/M cell counts. SMYLE knockdown induced a similar G1 arrest in RPE-1 cells (98% of the cells in G1 vs. 63% in control cells). In accordance with the observed cell arrest in the G1 phase, siRNA-mediated down-regulation of SMYLE led to a striking decrease in HeLa cell proliferation relative to control cells (Fig. 8D) .
G1 arrest might be the consequence of defects in late mitosis, as we have seen that SMYLE-depleted cells showed imperfect chromosome alignment (Fig. 8A) ; alternatively, it might be induced within G1. To address this issue, we evaluated the impact of SMYLE silencing in postmitotic cells. RPE-1 cells were accumulated in G0-G1 by serum starvation, before treatment with siRNA to deplete SMYLE. Upon the addition of serum, a majority of control cells underwent one or two divisions, whereas most SMYLE-depleted cells failed to divide (Fig. 8E) , showing that G1 arrest can be triggered from within G1 and that abnormal mitotic events, such as spindle or cytokinesis dysfunctions, are not required to induce the arrest. We then examined whether G1 arrest of SMYLE knockdown cells might be the consequence of defective centrosome function, as observed previously upon silencing of other centrosomeassociated proteins (30, 31) . We observed that SMYLE silencing led to defective centrosome cohesion in both U2OS and RPE-1 cells, with a strong increase in the population of cells showing separated centrioles (Fig. 8F and Fig. S3H ). This was not a mere consequence of cell-cycle arrest, as lovastatin-or starvation-arrested G1 cells did not show increased intercentriolar distance (Fig. 8F) . Together, these results suggest that SMYLE knockdown leads to defective centrosome function which might contribute to G1 arrest.
Discussion
Searching for proteins that associate with EB1, a major regulator of MT dynamics, we characterized a protein complex that contributes to centrosomal MT functions. Indeed, we found that the EB1-binding isoform of myomegalin, SMYLE, organizes a large protein complex that supports de novo MT assembly at the centrosome and has an impact on MT distribution at the cell periphery. This has critical consequences for directed migration, mitotic spindle orientation, and cell-cycle progression.
In contrast to previous reports (19, 26) , we observed that CDK5RAP2 and AKAP9 localized to the centrosomal area and not to the Golgi apparatus. Centrosome vs. Golgi localization is, in fact, cell line-dependent, as we found that AKAP9 was exclusively observed at the centrosome of SKBr3 and HEK293F cells but was present at the Golgi and the centrosome of RPE-1 and MDA-MB231 cells. In accordance, we detected SMYLE only in the centrosomal area and never at the Golgi apparatus of SKBr3 cells. Moreover, the SMYLE interactome in SKBr3 and HEK293F cells did not reveal proteins involved in MTOC anchoring to the Golgi apparatus, such as GM130, CLASP2, or CAMPSAP (19, 26, 32) . Thus, while previous studies have underlined the function of myomegalin proteins at the Golgi apparatus, our cellular models allow us to specifically analyze the impact of the SMYLE isoform associated with the centrosome.
Previous data suggest that the Golgi-associated myomegalin regulates nucleation via its interaction with γ-tubulin (17, 18) . While γ-tubulin was not present in SMYLE pulldowns, we found that SMYLE coprecipitated LGALS3BP. LGALS3BP (also known as "90K" or "Mac-2 BP") is a glycosylated, secreted molecule that has been mostly investigated for its role in cell adhesion in tumor and immune functions and as a circulating marker for tumor progression (33) . Of note, SMYLE interacted with a 65-kDa form of LGALS3BP, which corresponds to the protein without N-linked glycans, suggesting that unglycosylated LGALS3BP might have specific intracellular functions associated with the centrosome. A recent study suggested that LGALS3BP regulated centriole biogenesis without distinguishing between glycosylated and unglycosylated forms (27) . Interestingly, examination of large-scale proteomic analyses (34, 35) reveals that LGALS3BP is one of the few proteins to systematically copurify with γ-TuRC components. We found that, in SKBr3 cells LGALS3BP associates with γTuRC proteins and especially with GCP3, which plays a key role in allosteric γ-TuRC activation (36) . We propose that unglycosylated LGALS3BP functions as a linker between the centrosomal SMYLE complex and the γ-TuRC. It will clearly be important to investigate LGALS3BP's precise mode of action and determine whether it functions as a tether, as an adapter that brings components such as EB1 or PKA closer to the γ-TuRC, or as a switch that transmits an activating signal to the γ-TuRC. Subcellular distribution and cross-linking experiments revealed that SMYLE belongs to at least two distinct complexes, one containing the whole SMYLE complex (including AKAP9, EB1/EB3, PKA subunits, and CDK5RAP2) and the other including only SMYLE and EB1/EB3. Our data also suggest interplay between SMYLE centrosomal and plus-end localizations: Preventing SMYLE-EB1 interaction had a direct consequence on SMYLE relocalization from the MT plus-end to the centrosomal area. It is tempting to speculate that the two observed complexes might be associated with distinct functions in the centrosomal area and at MT plus-ends (Fig. 8G) .
The nature of the connection between SMYLE function at the centrosome and its role in stabilizing MTs at the cell periphery is an intriguing question. We have clearly shown that in SKBr3 cells Data presented are the mean ± SEM of cell numbers from triplicate wells in three independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001; NS (not significant) P > 0.05.
impacting the early steps of MT assembly (via disturbance of the γ-TuRC) has consequences on cortical MTs. The mechanism, however, remains elusive. The defect of MTs at the periphery might be the consequence of abnormal MT dynamics due to altered EB1 function. Indeed, we have previously demonstrated that even a small decrease in the speed of MT growth induced by low concentrations of a MT-targeting drug was sufficient to lead to defective MT distribution at the periphery of migrating cells (28) . Another possibility is that the SMYLE complex at the minus end enforces a structural change of the MT lattice that is propagated along the length of the MT wall. In this regard, it is remarkable that SMYLE has a strong influence on MT acetylation. Given recent data showing that MT acetylation modifies MT protofilaments cohesion, thus promoting resilience to mechanical stress (6, 7), SMYLE knockdown might end up undermining the extending MTs.
Abnormal centrosome MT nucleating function had an impact not only on directed cell migration but also on mitosis. In animal cells, oriented cell division involves the transmission of localized pulling forces located at the cell cortex to astral MTs, resulting in spindle positioning. SMYLE knockdown strongly compromises mitotic spindle planar orientation, which most likely results from the observed reduction in astral MT density. Our data also show that SMYLE knockdown leads to HeLa and RPE-1 cells' accumulation in the G1 phase of the cycle. While this could be the consequence of defects in late mitosis, our data indicate that the G1 accumulation most probably results from the activation of a centrosome damage checkpoint (30, 31) . Precisely how SMYLE controls centrosome function remains to be determined.
While deciphering the molecular basis of the cross-talk between the SMYLE complex and the γ-TuRC represents a challenge because of the large size of the complexes, it appears a necessary task if one wants to understand SMYLE's mode of action and potential contribution to oncogenic progression.
Materials and Methods
Protein Pulldowns and Analysis by Mass Spectrometry. Cells expressing the GFP-tagged constructs were lysed, and GFP pulldowns were performed using GFP-Trap agarose beads (ChromoTek). The samples were either immunoblotted or analyzed by mass spectrometry as described previously (15) . For purification of the native complex, HEK293F cells stably expressing SF-SMYLE were lysed in 0.5% Nonidet P-40 lysis buffer. Cell lysates were incubated with Strep-Tactin Superflow resin (IBA) before elution with 2 mM biotin. The eluates then were incubated with anti-Flag M2 agarose (Sigma-Aldrich) and Analysis of Cortical MTs by Time-Lapse Microscopy. Detailed procedures have been described previously (12) . Briefly, SKBr3 cells cotransfected with EGFP-α-tubulin and the indicated siRNA or cDNA were grown on collagen-coated glass coverslips for 48 h and observed upon the addition of 5 nM HRGβ1 (R&D Systems) using the 63× objective (plan Apochromat NA 1.4) of a fluorescence microscope (Zeiss Axiovert 200) driven by MetaMorph 6.3 software. When indicated, cells were pretreated with 10 μM H89, 10 μM PKA inhibitor 14-22 myristoylated peptide (Merck Millipore), or 30 μM gatastatin (a kind gift of T. Usui, University of Tsukuba, Tsukuba, Japan). Images were acquired using a CoolSNAP HQ digital camera (Roper).
MT Regrowth Assay. MTs were completely depolymerized by treating cells with 10 μM nocodazole (Sigma-Aldrich) for 1 h on ice. To initiate microtubule regrowth, nocodazole-treated cells were washed twice with ice-cold PBS and then were incubated in prewarmed medium containing 5 nM HRG. Cells were permeabilized for 15 s in PHEM (60 mM Pipes, 25 mM Hepes, 10 mM EGTA, 4 mM MgSO4, pH 7.0) buffer containing 0.25% Triton X-100 and 320 mM sucrose and were fixed with −20°C methanol for 5 min before immunolabeling of α-and γ-tubulin. MT aster diameter was measured with ZEN software (Zeiss).
Analysis of Mitotic Cells and Centrosome Defects. HeLa cells seeded on collagen-coated coverslips were fixed with 4% formaldehyde and permeabilized with 0.2% Triton X-100. Cells were stained with DAPI, and antibodies against α-and γ-tubulin. Mitotic cells were detected on the basis of metaphase condensed DNA. Mitotic figures were categorized as (i) horizontal spindles with both γ-tubulin-labeled poles in the same plane; (ii) tilted spindles with only one of the two poles visible in a given plane; (iii) multipolar spindles; and (iv) spindles with lagging chromosomes. Astral MT density was determined by measuring α-tubulin total fluorescence minus spindle fluorescence, as indicated in Fig. 8 , after correcting for background fluorescence. To identify centrioles, cells were incubated on ice for 30 min before fixation and immunolabeling glutamylated-and γ-tubulin. G1-arrested RPE-1 cells (starved) and U2OS cells (treated with 40 μM lovastatin; Sigma-Aldrich) were also analyzed to exclude a causative effect of G1 arrest. Distance between centrioles was measured with Zen.
Statistical Analysis. All statistical analyses were performed using GraphPad Prism software. The unpaired one-tailed t test, with Welch correction, was used to determine significant differences between data groups. Graphs were plotted using Prism, to show the mean and SEM. P values are indicated on the graphs as *P < 0.05, **P < 0.01, ***P < 0.001, or NS (not significant) P > 0.05. Detailed descriptions of antibodies, siRNA, cDNA, and standard methods are provided in Supporting Information.
